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ARTICLE INFO ABSTRACT

Handling Editor: Da Chen There are currently increasingly concerns over DNA damage related to free radicals due to their vital roles in
Keywords: human health, especially high-performance detection method. Herein, we report an ultra- sensitive monitoring
DNA of DNA damage associated with free radicals exposure using interdigitated electrode (IDE) array for the first
time. The proposed IDE array was equipped with DNA-wrapped carbon nanotube-based bridges, which utilized
the DNA damage mechanism due to the free radicals’ attack and the efficient electrical detection nature of the
interdigitated electrode. Experiments have been performed, and the results showed the device’s capability for
detecting DNA damage induced by multiple free radicals generated from different sources, including the Fenton
reaction, UV radiation and cigarette smoke, showing the promising ability for DNA damage detection. In ad-
dition, the carbon nanotubes bridge-based interdigitated electrode sensor enabled different levels of sensing of
DNA damage with great sensitivity and a wide detection range. It was illustrated that the ultrasensitive detection
of free radicals generated from ultraviolet radiation (15 min — 125 min), cigarette smoke tar (1 pg/mL to 10 pg/
mL) and Fenton reaction under different concentration of H,O, (2.5 pM - 100 pM), have been detected suc-
cessfully. Typically, the IDE array supports further performance improvement for the electrochemical detection
in an ultrasensitive and high throughput route.

Free radicals
Interdigitated electrode array Biosensor
Carbon nanotube

In recent years, some typical sensing strategies for DNA damage
monitoring have been proposed, including high performance liquid

1. Introduction

Deoxyribonucleic acid (DNA) is of great importance in life with
their function in the storage, copying and transfer of information.
However, life processes or environmental issues (e.g., UV or chemical
exposure, medical therapies, smoking, etc.), could generate or induce
multiple free radicals, which will introduce damage to DNA through
DNA strand breaks, base oxidation or deletion (Norbury and Hickson,
2001; Rouse and Jackson, 2002), leading to various physiological and
pathological processes, including atherosclerosis, cancer, diabetes and
neurodegenerative diseases (Wang et al., 2017; Liu et al., 2017; Yin
et al., 2011). Owing to increasing pollution and radiation, free radicals
induced by environmental issues should deserve more attention.

chromatography analysis (Renner et al., 2000; Tarun et al., 2006); gas
chromatography-mass spectrometry analysis (Kudo et al.,, 2014);
fluorescence analysis (Pouget et al., 2000; Viswesh et al., 2010); 2P
post-labeling analysis (Spencer et al., 2011); electrochemical method
(Chen et al., 2012; Hlavata et al., 2012; Hlavat4, 2014; Fojta, 2016;
Iffelsberger et al., 2018; Svitkova and Labuda, 2019); and single cell gel
electrophoresis analysis (Quincozes-Santos et al., 2007). Despite a
variety of methods, the electrochemical method has stood out in this
field for its convenience and reliability. However, considering en-
vironmentally-induced free radicals’ multiplicity ("OH, O,"~, NO-) and
low concentration, it is highly desired to develop new ultrasensitive
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Scheme 1. (A) Schematic illustration of the design of interdigitated electrode (IDE) array with DNA-wrapped carbon nanotubes-based bridges. In the presence of free
radicals, the DNA-wrapped nanobridges could control the characteristic current or conductance response of the IDEs. In the presence of free radicals, DNA would be
damaged and/or cleaved, thereby inducing the electrochemical signal change of IDEs. (B) SEM images of bare IDE, MWCNTs/RCA/CP (circular probe)/SH-DNA/IDE

before and after immersed in Fenton solution.

electrochemical method, particularly one that can work in real condi-
tions (Wang et al., 2019).

We herein propose an ultrasensitive monitoring of DNA damage
associated with free radicals exposure, which integrates an inter-
digitated electrode (IDE) array with DNA wrapped-carbon nanotubes-
based bridges (Scheme 1). The nanobridges were designed to be located
among the IDEs, which were comprised of the long single-strand DNA
produced by rolling circle amplification (RCA) and multi-walled carbon
nanotubes (MWCNTSs). In the presence of free radicals, the DNA-
wrapped nanobridges could control the characteristic current or con-
ductance response of the IDEs because of the DNA damaging effect.
DNA would be damaged and/or cleaved by free radicals, thereby in-
ducing the electrochemical signal change of IDEs. With the MWCNTSs
bridge-based IDEs, DNA damage levels induced by free radicals could
be sensitively quantified by setting up a model of quantitative analysis
based on the mechanism of Fenton reaction (Valko et al., 2004; Zhang
et al., 2010). To improve the detection throughput and avoid any spin-
trapping agents or pre-treatment, we further employed an IDE array on
the 96-well plate (Fig. S1), which could significantly improve the de-
tection capacity for multiple free radicals from different situations, such
as Fenton reaction, UV radiation, and cigarette smoke exposure. The
developed methodology based on MWCNTs bridge-based IDEs has been
demonstrated with promising ability for simultaneously quantifying
DNA damage related to multiple free radicals, providing a universal
application for fast and effective detection of DNA damage.

2. Materials and methods
2.1. Materials

DNA sequences (5’-HS-(CH5)s-AAAAAAGTTGGTAC GTTAGGAACA
TCAAACGACAGCCA), T4 DNA ligase, Exonuclease I, Exonuclease III,
deoxyribonucleotides mixture (dNTPs), 10 X T4 DNA ligase reaction
buffer, were purchased from TaKaRa Biotech Company (Dalian, China)
and HPLC purified phi29 DNA polymerase, 10 X phi29 DNA poly-
merase reaction buffer and BSA were obtained from New England
Biolabs (NEB, USA). Multi-walled carbon nanotubes (MWCNTSs), were
obtained from Aladdin (Shanghai, China). Polyethylene glycol octa-
decyl ether was purchased from Sigma-Aldrich (USA). Micro Gap
Electro-chemical Sensor Array was obtained from ACEA Biosciences
Inc. Ethidium bromide (EB) and DNA Marker were obtained from
Sangon Biotech (Shanghai, China). All DNAs were diluted with 10 mM
PBS Buffer (PBS; pH 7.4; 10 mM phosphate, 0.1 M NaCl) containing
0.1 M NaCl. Washing buffer in the experiment was 10 mM PBS (pH 7.4).
All of the solutions were prepared with ultra-pure water. Cigarettes
were purchased at local stores in Shanghai, China. Cigarettes were
stored at room temperature for up to 3 months and at or below 16 °C for
longer term storage. Prior to sampling, cigarettes were conditioned
with ISO 3402: 1999 recommended conditions of 22 °C and 60% re-
lative humidity for at least 48 h, but less than 10 days, with the pack
unsealed.
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2.2. Samples preparation

Free radical ‘OH from Fenton reaction is generated by Fenton so-
lution (PBS buffer solution containing FeSO, and H,O, at the molar
ratio 1:4 with pH 4.0). Cigarettes were smoked on an automated, rotary
20-port RM20H smoking machine (Borgwaldt, Germany). Cigarettes
were smoked following the ISO 3308:2000 regimen. One sample con-
sisted of ten commercially available filtered cigarette smoked sequen-
tially. Cigarette tar was collected on the filter directly and then diluted
with acetone at the final concentration of 50 pg/mlL, stored at 4 °C for
further experiments.

2.3. Electrochemical detection of free radical from Fenton reaction

The DNA-wrapped MWCNTs-bridged IDE was immersed in Fenton
solution at 37 °C for 30 min. The DNA strand was attacked by 'OH
generated by Fenton reaction. Then, the electrode was rinsed with
ultra-pure water. Cyclic-Voltammetry (CV) and electrochemical im-
pedance spectra (EIS) were recorded in 0.5 mM [Fe(CN)¢]>”* solution.
Each measurement was repeated three times.

2.4. Electrochemical detection of free radical from UV radiation

The single-strand DNA-wrapped MWCNTs-bridged IDE was exposed
to UV radiation, of which EIS characterization in the 0.5 mM [Fe
(CN)]*7* solution was recorded with exposure time of 15 min, 30 min,
45 min, 70 min, 95 min, 110 min, and 125 min.

2.5. Electrochemical detection of free radical from cigarette tar

EIS characterization in the 0.5 mM [Fe(CN)g]>”# solution of DNA-
wrapped MWCNTs-bridged IDE was tested under different concentra-
tion of cigarette smoke tar of 1 ug/mL, 3 ug/mL, 5 ug/mL, and 10 ug/
mL.

3. Results and discussion

3.1. Fabrication and feasibility of MWCNTs bridged IDE sensor for DNA
damage

To prove the design concept of the sensing strategy, the DNA da-
mage sensors were fabricated (Fig. 1A). Firstly, the gold IDE surface
was functionalized with thiol-terminated DNA (SH-DNA) via the Au-S
bond. Then, by adding a circulate probe (CP) and phi29 DNA poly-
merase, the solid phase RCA was performed on the IDE, producing
super-long DNA strands with hundreds of repeated sequences. The RCA
procedure was also verified by a solution-based RCA experiment
(Fig. 1B). Next, we introduced MWCNTs to intertwine with the pro-
duced long DNA products, thereby realizing the connection of the gaps
on the IDE array. MWCNTs are a primary family of carbon nanoma-
terials, which are characteristically excellent super electrochemical
conductors and are highly stability. To improve the solubility and the
interaction with the DNA chain, polyethylene glicol octadecyl ether
(PEG) was used to disperse and functionalize the MWCNTs. After
functionalization with PEG, the MWCNTs showed excellent solubility
and stability in aqueous solutions (Fig. S2A). Additionally, the nano-
tube morphology and its nanostructure have been kept well after with
PEG functionalization, as illustrated in the consistent TEM imaging and
XRD characterization (Fig. S2C, S2D and S2E in SI).

In order to illustrate the DNA-wrapped MWCNTs-bridged IDE
sensor, we first verified that the long chain DNA and MWCNTSs can be
entangled, and the conformational change of DNA was analyzed by
circular dichromatogram (CD). CD is sensitive to changes in the com-
position of DNA within 200-320 nm. According to previous reports
(Yang et al., 2008; Tang et al., 2012), the adsorption and interaction
between MWCNTs and single-strand DNA are much stronger than
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double-strand DNA through = - =t packing (Tang et al., 2006). As shown
in Fig. 1C, CD curve for long-chain DNA wrapped on MWCNTs was
changed obviously within the wavelength ranged from 200 nm to
320 nm. After being intertwined with MWCNTs, peaks corresponding to
DNA at 276 nm and 225 nm were reduced, illustrating that the inter-
action between DNA and MWCNTs occurred.

To demonstrate the feasibility of MWCNTSs bridge-based IDE array,
we monitored the electrochemical response of IDE sensor. In a two-
electrode system, one electrode of the IDE sensor was used as a working
electrode and the other one was used as a counter electrode and re-
ference electrode, simultaneously. As shown in Fig. 1D and S3, EIS and
CV were collected on different IDE in [Fe(CN)g]>”* solution using
Fe?*/3* as the electrochemical probe. In the presence of DNA-wrapped
MWCNTs, the IDE possessed an obvious oxidation and reduction peak,
which belong to the single electron transfer from [Fe(CN)e137* , in-
dicating the successful connection in the IDE (Fig. S3, curve e). By
contrast, no obvious oxidation or reduction peaks were observed
without the nanobridges (Fig. S3, curve b, ¢ and d). Moreover, the
corresponding impedance obtained from EIS proved the connection of
IDE with the DNA-wrapped MWCNTSs (Fig. 1E). As for the gapped IDE,
the resistance was around 17 kQ. After being immobilized with SH-DNA
and hybridized with CP, the resistance was increased to 53 kQ2 and 61
kQ, respectively. After the solid-phase RCA was complete, the re-
sistance was decreased to 26 kQ2, which can be ascribed to the weak
electronic conductance of the DNA backbone. Whereas in the presence
of DNA-wrapped nanobridges on the IDE, the resistance was sharply
dropped to 480 Q. Therefore, the typical electrochemical response and
reduced resistance demonstrated the successful construction of DNA-
wrapped nanobridge on IDE surface.

3.2. DNA damage monitoring induced by free radicals using MWCNTs
bridged IDE sensor

As known, Fenton reaction is an important metal-mediated pathway
for the generation of "OH from hydrogen peroxide. The "OH radicals are
able to interact with all the DNA components and damage bases as well
as base free sites strand breaks (Zhang et al., 2010). In this paper, we
used Fenton chemistry to produce "OH, and investigated the practical
utility of the nanobridge based IDE array biosensor for DNA damage
induced by free radicals. Fenton reaction mechanism is shown by
Scheme 1 (Imlay and Linn, 1988):

Fe?* + H,0, — Fe3* + (OH)~ + «OH 6h)

The number of generated 'OH radicals is dependent on the con-
centration of Fenton reagents (Qian et al., 2010; Liang and Guo, 2007;
Liu et al., 2005). As shown in Fig. S4, Fig. 2A and 2B, with the addition
of free radicals onto the DNA-wrapped MWCNTs-bridged IDE, the peak
current in CV decreased and the resistance in EIS increased, demon-
strating the disassembly of DNA-wrapped nanobridge and thereafter the
disconnection of the IDE.

Next, we investigated the specificity of DNA damage to the free
radicals using resulted MWCNTs bridged-IDE. In the Fenton reaction
system, the coexistence of H,O, and Fe®>* are necessary for producing -
OH. As we can see from Fig. 2A and S4, no obvious changes were ob-
tained when the IDE was immersed in either 400 pM H,O0, solution or
200 pM FeSO, respectively. Importantly, in Fenton solution, free radi-
cals attacked DNA-wrapped MWCNTs bridge-based IDE, causing violent
impedance increase (Fig. 2B). To further verify the production of ‘OH
generated by Fenton reaction, we carried out the Electron Spin Re-
sonance (ESR) test of the Fenton solution. As shown in the inset of
Fig. 2B, there is a very typical ESR curve with quartet splitting for ‘OH.
The SEM imaging also illustrated that DNA strain was damaged owing
to the free radicals’ attack in Fenton solution (Scheme 1B).

Furthermore, we explored the DNA damage detection for the dif-
ferent amounts of free radicals using MWCNTs bridge-based IDE sensor.
This was controlled by tuning the concentration of Fe** or H,0, as
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Fig. 1. (A) Scheme of the construction of IDE with MWCNTs based bridges for DNA damage detection. (a) Bare IDE, (b) SH-DNA/IDE, (c) CP/SH-DNA/IDE, (d) RCA/
CP/SH-DNA/IDE, and (e) MWCNTs/RCA/CP/SH-DNA/IDE. (B) Electrophoresis image of solution-based RCA, DNA Marker 10 kbp (a), RCA product (b) circular probe
ligated by T4 DNA ligase (c), 74-nucleotide-long circular probe DNA (d), 22-nucleotide-long primer DNA (e), DNA Marker 300 bp (f). (C) CD of RCA product (a),
MWCNTs wrapped with long strand DNA (b) and the blank PBS buffer solution (c). (D) EIS and (E) impedance of (a) bare IDE, (b) SH-DNA/IDE, (c) CP/SH-DNA/IDE,
(d) RCA/CP/SH-DNA/IDE, and (e) MWCNTs/RCA/CP/SH-DNA/IDE in the 0.5 mM [Fe(CN)s]>* solution containing 0.1 M KCI (pH 7.4). Inset of (D) is the
equivalent circuit, where Rs/Rct/CPE/W represented solution resistance, charge-transfer resistance, the constant phase element and Warburg impedance, respec-
tively. Rct was electrode impedance; detailed figure of curve e. The bias potential of EIS ranged from 10 kHz to 0.1 Hz at 50 mV.

shown previously (Hajkova and Barek, 2017; Huang et al., 2012). To
obtain the best detection condition, we carried out the experimental
optimization for the concentration of CP, MWCNTs (Fig. S6) and RCA
reaction time (Fig. S7). On the basis of experiments results, 1.5 uL CP,
1 pg/mL MWCNTs and 2 h for RCA reaction were selected as the op-
timized experimental parameters for the following works.

We then investigated EIS and CV responses for free radicals gener-
ated from different concentrations of H,O, (Fig. 2C and Fig. S8A).
Impedance increased with increasing H,O, concentration (Fig. 2D), and
meanwhile CV area decreased (Fig. S8B). Furthermore, a linear

relationship between impedance and logarithm of H,O, concentration
from 2.5 pM to 100 pM was found at: Z’ =3166.9 In (C) — 4915.01
(R% = 0.994, RMS of the slope was 0.083, origin was at 1.609) (inset of
Fig. 2D). The detection limit of 1.04 pM was calculated from the re-
gression parameters (30).

In addition to using the Fenton reaction to produce the ‘OH and to
test the specificity of nanotubes-bridged IDE sensor for DNA damage
induced by free radicals, we also explored a proposed sensing strategy
to detect free radicals generated from UV radiation at 365 nm and ci-
garette smoking (Detailed information about UV radiation and cigarette
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Fig. 2. (A) EIS and (B) impedance of (a) MWCNTs/RCA/CP/SH-DNA/IDE, MWCNTs/RCA/CP/SH-DNA/IDE immersed in PBS buffer solution containing (b) 400 pM
H,0, solution, (c) 200 pM FeSO, solution, and (d) Fenton solution (400 pM H,0, and 200 pM FeSO,) for 30 min (pH 4.0). Inset of (B) is ESR spectra of "OH. The bias
potential of EIS ranged from 10 kHz to 0.1 Hz at 50 mV. (C) EIS of (a) DNA-wrapped-MWCNTs bridged IDE in Fenton solution with H,O, concentration at (b) 10 pM,
(c) 20 pM, (d) 40 pM, (e) 100 pM, (f) 200 pM, (g) 400 pM and (h) bare electrode. (D) The relationship of DNA-wrapped MWCNTs-bridged IDE sensor between
impedance and H,O, concentration. And inset of (D) was relationship of DNA-wrapped MWCNTs-bridged IDE sensor between impedance and logarithm of H,O,

concentration. The bias potential of EIS ranged from 10 kHz to 0.1 Hz at 50 mV.

tar collection are shown in the SI). As shown in Fig. 3A, IDE array was
exposed to UV radiation and EIS and CV responses increased with ex-
posure time from 15 min to 125 min (Fig. 3B and S9A), the linear re-
lationship between impedance of MWCNTs bridge-based IDE array
corresponding to DNA damage and exposure time was obtained
(Fig. 3C). At the same time, CV area decreased linearly from 15 min to
125 min of UV exposure time (Fig. S9B). With Free radicals generated
from cigarette smoking are considered as one of the environmental free
radicals, which are very harmful to human health (Chouchane et al.,
2006; Maskos et al., 2005). The WHO has proved that free radicals in
cigarette tar are of a very high concentration (Wang et al., 2016). Ci-
garettes were smoked on an automated, rotary 20-port RM20H smoking
machine (Fig. 3D). Cigarette tar was collected on the filter directly and
then diluted with acetone for a final concentration from 1 pg/mL to
10 pg/mL for experiments. As shown in Fig. 3E and F, with the addition
of the diluted cigarette tar into the sensing well, DNA damage in-
tensified, nanotubes-bridged IDE sensor could successfully monitor the
damage levels related to concentration change of cigarette smoke tar,
suggesting its capability for the detection of DNA damage induced by
free radicals in cigarette smoke.

4. Conclusions

In summary, we have demonstrated an ultrasensitive DNA-wrapped
MWCNTs bridge-based IDE sensor for the first time, by using an in-
terdigitated electrode array based 96-well plate, leading to the cap-
ability of DNA damage detection. Free radicals from different sources
including the Fenton reaction, UV radiation and cigarette smoke tar
could be sensed effectively. The developed DNA-wrapped carbon

nanotube-based bridges provided the sensitive responses for electro-
chemical detection with nano-effects. Further, sensor’s responses vary
as the concentration changes, which reveals the ability to monitor the
amount of free radicals. Thus, this study has illustrated an efficient DNA
damage sensor suitable for multiple forms of free radicals detection
from various sources, which may also enable accurate quantitative
measurement in the future. We could further improve the performance
for the electrochemical detection, to enable the detection of free radi-
cals in an ultrasensitive and high throughput way.
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